Abstract. Some applications of photometry to resolved stellar populations, with an emphasis on the Milky Way Galaxy are discussed. Our current understanding of the stellar components of the Milky Way is first reviewed, followed by a brief discussion of the possible future applications of photometry to address outstanding questions.
INTRODUCTION
The properties of the stellar populations in the Milky Way Galaxy contain clues as to the physics of galaxy formation and evolution, and in particular the old low-mass stars constrain conditions in the young Universe. The current paradigm of galaxy formation is that of hierarchical clustering, such as results from a cold-darkmatter dominated Universe, in which the power spectrum of initial density fluctuations leads to small-scale systems, forming first (see Silk & Wyse 1993 for a review). Galaxies, such as the Milky Way, would evolve by merging and assimilation of smaller systems, and we might expect to see some signature of this process imprinted on the stellar populations. Indeed, one would hope to be able to place limits on what merged, and when.
First, one needs a detailed knowledge of the properties of the stars in the Milky Way, and an understanding of how these evolve as the Galaxy as a whole evolves. In my lectures I presented the current characterization of stellar populations of the Milky Way (spatial distribution, age distributions, metallicity distributions and kinematics), emphasizing those aspects due to photometric data, and discussed the interpretation of the observational data. There are several intriguing observations that could be followed up with large photometric datasets, and I aimed to highlight these in my concluding lectures.
STELLAR COMPONENTS OF THE MILKY WAY GALAXY

The stellar halo
I will start with the stellar halo, due to its crucial role in defining the concept of stellar populations (e.g., O'Connell 1958), despite its being the lowest luminosity and mass component of the Galaxy. I will emphasize the field halo stars; the globular clusters have long been used as tracers, but one should bear in mind that the (current) population of clusters is only a few percent of the total luminosity of the stellar halo.
To first order, the stellar halo is the metal-poor, old, slowlyrotating, extended but centrally-concentrated, stellar system represented at the solar neighborhood by the high-velocity subdwarfs. The stellar halo is usually distinguished from the central bulge when discussing the Milky Way, but it is common practice simply to refer to them as one entity -the bulge or spheroid -in discussions of external disk galaxies (see Wyse, Gilmore & Franx 1997 for a review) . This is of course related to the difficulty of detecting a component like the stellar halo in external galaxies -the mass ratio between bulge and stellar halo in the Milky Way is around a factor of ten, with the central bulge the more massive, and the surface brightness of the stellar halo at the solar circle is around 28 mag/sq arcsec in the B passband (Morrison 1993) .
Essentially all models of the formation and evolution of the stellar halo invoke early star formation in small substructures, with subsequent disruption of these systems, mixing and assimilation of the stars formed therein into the field stellar halo. The small substructures may have formed through fragmentation of an initially 'monolithic' baryonic component, perhaps reflecting the Jeans mass of shock-heated gas in the potential well of a larger-scale protogalaxy (Fall Sz Rees 1985) , or could reflect simply the initial power spectrum of primordial density fluctuations (White & Rees 1978) , or a combination of the above. It is highly likely that the stellar halo is 'multi-component' and we need to quantify the stellar masses in the different components and characterize their origins.
Photometric data are used to delineate the spatial distribution of the halo, often using easily-identifiable (metal-poor, old) tracers of 'known' luminosity such as RR Lyrae stars and blue horizontalbranch stars (Kinman, Suntzeff & Kraft 1994 , Hartwick 1987 ) or main sequence turn-off stars (Wyse & Gilmore 1988) . The use of star counts alone to develop detailed models of Galactic structure is limited by the broad ranges in metallicity and age found in Galactic stars (Gilmore & Wyse 1987) . As described by other lecturers, photometric -as opposed to spectroscopic -techniques can be applied to large samples of faint stars, and even broad-band UBV colors can provide an estimate of metallicity through the line-blanketing in the U passband. Application to samples of halo stars, selected by means of high proper-motion, results in a mean metallicity of only ~ -1.5 dex, or 1/30 of the solar value (Sandage & Fouts 1989) , confirmed by spectroscopy (although the sensitivity of this broad-band photometric metallicity indicator decreases at very low metallicities). Further, the color of the dominant main sequence turnoff of the stellar halo (B -V ~ 0.4) points to an old age for this low characteristic metallicity. Indeed, the variation of turnoff color as a function of metallicity within the halo can be used to constrain the range in age within this stellar component. The technique is illustrated in Fig. 1 (taken from Unavane, Wyse & Gilmore 1996) , where it is seen that there is a rather well-defined -and old -turnoff, with fewer stars bluer than the most massive main sequence star of an age of 15 Gyr.
This narrow age range within the stellar halo argues against significant recent accretion of dwarf galaxies into the halo, since a typical dwarf galaxy companion to the Milky Way contains stars of a broad range in age (cf. Unavane et al. 1996 , Mateo 1998 . Note that much of our information concerning the stellar populations of local dwarf galaxies is based on analyses of their color-magnitude diagrams (Smecker-Hane et al. 1994) , with mean metallicity and metallicity spreads derived from the location and width of the red giant branch, and age distributions derived from the identifications of main sequence turnoff(s). Green et al. 1987) . (Taken from Unavane, Wyse Sz Gilmore 1996.) 2.1.1. Element abundances Isochrone fitting such as illustrated in Fig. 1 is limited in its ability to discriminate between ages at the level of ~ 1 Gyr, especially at old ages, where the isochrones crowd together. In principle, analysis of the detailed elemental abundances in stars can provide a finer relative age discriminant, by identifying the mix of types of supernovae responsible for the prior enrichment of the interstellar medium from which a given star formed (see McWilliam 1997) . Indeed, as I describe below, elemental abundances provide a wealth of information far beyond overall metallicity, and the definition of a narrowband filter system that could provide reliable elemental abundances would be a major break-through. At present elemental abundances other than of iron are effectively restricted to those obtained through echelle spectroscopy, and thus are available for only small numbers of apparently bright stars.
Type II supernovae, those due to the core collapse of massive, short-lived stars that have synthesized elements all the way to the iron-peak in their cores, eject into the ISM a small mass of iron, and significant amounts of intermediate elements such as oxygen and magnesium. The amount of the intermediate elements (the aelements) ejected depends on the mass of the progenitor star, more so than does the mass of ejected iron. This variation in the ratio of ejected oxygen-to-iron with progenitor mass leads to a detectable signal in terms of the massive star IMF, provided there is efficient mixing of the ejecta prior to its incorporation in the next generation of stars (see Wyse & Gilmore 1992) . Type la supernovae in contrast eject a relatively large amount of iron. The chemical elemental abundances of a typical halo star are as expected if only Type II supernovae enriched the gas out of which the stars formed (Nissen et al. 1994 , Norris 1999 . The most straightforward explanation of this observation is that these stars formed in star-formation events that were of short duration, shorter than the time needed to have significant production of newly-synthesized material -mostly iron -by Type la supernovae. While there is not yet a generally-accepted model of Type la supernovae (other than involving a white dwarf driven over the Chandrasekhar mass limit via accretion of some sort) several scenarios predict timescales after formation of the progenitor main sequence stars, for significant chemical enrichment by Type la supernovae, of around 1 Gyr (Smecker & Wyse 1991 , Yungelson & Livio 1998 . One does not require that the entire stellar halo formed on this timescale, only that self-enriching regions formed stars this rapidly, and there was little cross-contamination between non-synchronized regions. Indeed, an attractive mechanism to produce only a short duration to star formation is a Type II supernovae-driven wind, more naturally-produced if the star-forming regions have local potential wells significantly shallower than does the halo as a whole.
Thus one is led to a picture wherein the field stars of the halo form in fragile fragments/blobs, within which feedback from massive stars can be sufficiently disruptive that star formation is truncated, and a large part of the remaining interstellar medium ejected. The feedback and mass loss could be sufficient to unbind the 'fragment' totally, or it could be that the new virial equilibrium of the 'fragment' is sufficiently fragile that external processes such as tidal forces can disrupt the 'fragment'. The ejected gas will cool and dissipate, and with angular momentum conservation will settle into the central regions of the overall larger-scale potential well of the proto-Galaxy, somewhat as envisaged by Eggen, Lynden-Bell & Sandage (1962) . This could form the central bulge. As pointed out by Hartwick (1976) , one can understand the low mean metallicity of the halo, as compared to the disk, within models with a fixed stellar IMF if there is gas removal during the formation of the halo stars -a reduction of a factor of around 10 in the mean metallicity, compared to theoretical expectations with no gas loss, is required for the stellar halo, and this is achieved by removing around this ratio of mass during star formation. Thus one would predict a central bulge some 10 times more massive than the stellar halo, in agreement with estimates of the masses of stellar halo and bulge (Carney et al. 1990 , Wyse & Gilmore 1992 ).
The IMF-averaged elemental abundances provided by type II supernovae depends on the relative number of the most massive stars, and thus on the slope of the massive-star IMF, as mentioned above. There is little scatter in the trend of element ratios, such as [Mg/Fe] against [Fe/H], for the bulk of the stellar halo (Nissen et al. 1994) , consistent with enrichment by stars with a fixed massive-star IMF, and furthermore, one close to that observed in star-forming regions locally today (see Wyse 1998 for a review). The lack of scatter also implies rather efficient mixing, and one might expect to see some scatter at the lowest levels of enrichment, when very few supernovae have contributed (cf. Audouze & Silk 1995 , Tsujimoto, Shigeyama & Yoshii 1999 , and this is indeed observed (McWilliam et al. 1995 , Ryan, Norris & Beers 1996 .
In this picture of star-forming fragments in the halo, there is the possibility that a few fragments had a deep enough potential-well to sustain star formation and self-enrich with the products of Type la supernovae. Further, with asynchronous onsets of star formation in different regions, there could be enrichment of a given 'fragment' by a Type la supernova whose progenitors were formed in a different fragment. Thus one might expect to see at least some stars in the halo now with values of the element ratios reflecting 'extra' iron from Type la supernovae (note that the fact that this is not generally observed for halo stars is further motivation for the prompt removal of gas from the halo to the bulge; Wyse & Gilmore 1992) . Indeed, a subset of halo stars, apparently biased towards the metal-rich halo, i.e., [Fe/H]> -1 dex (Nissen &: Schuster 1997) and/or extremely high-energy orbits (Carney et al. 1997 , King 1997 ) have now been and a range of star formation rates; a higher star formation rate leads to a higher value of the iron abundance at the onset of Type la supernovae, which produces a downturn in this plot. The shaded region indicates the locus of normal halo stars. There are three main points to this figure (based on Fig. 1 of Gilmore Wyse 1998) , the first being that the value of the Type II [Mg/Fe] 'plateau' is the same for both the halo and disk stars, the second being that the vast majority of 'metal-rich' halo stars have lower values of [Mg/Fe] than this canonical 'plateau' value, consistent with having 'extra' iron from Type la supernovae, and the third being that the typical elemental abundances of disk and halo stars of the same iron abundance are different, supporting a disk/halo discontinuity. Gilmore & Wyse (1998) and based on the data of Nissen Sz Schuster (1997) for their survey of disk and halo stars of similar metallicities, where 'disk' and 'halo' are defined kinematically in terms of orbital rotational velocity. This is one of the few datasets where both disk and halo stars have been analyzed together, allowing a direct comparison of their elemental abundances. As can be seen, there are both disk and halo stars with enhanced magnesium, [Mg/Fe] ~ +0.3, consistent with being enriched by massive stars with the same, invariant IMF. The halo stars and disk stars with low values of [Mg/Fe] are as expected for some enrichment from Type la supernovae. Note that in Fig. 2 the halo stars lie along the locus for a lower star-formation rate than do the disk stars, but this may be a manifestation of the fact that gas outflows, as invoked above to have operated in halo star-forming regions, reduce the efficiency of star formation and mimic a lower value.
The lower values of the «-elements in these low-metallicity stars (remember that the higher metallicity part of the halo is still well below solar metallicity) are as predicted for the metal-poor stars in dwarf companion galaxies to the Milky Way (Gilmore & Wyse 1991) . This, combined with the fact that the serendipitously-identified metal-poor halo stars with anomalously low values of the ratio of magnesium-to-iron are on retrograde orbits, led to the speculation that these stars may have been captured (accreted) from external satellite galaxies (Carney et al. 1997 , King 1997 . However, there is no tendency for the low [Mg/Fe] stars in the Nissen & Schuster sample to be on retrograde orbits. All the 'low-alpha-elements' stars are, however, on very high-energy radial orbits, with apogalacticon greater than 15 kpc, and perigalacticon less than 1 kpc. These are very unlikely orbits for stars accreted from satellite galaxies, a term that implies a separate identity for a significant time. In models which invoke fragmentation within a gaseous proto-halo, fragments which probe the denser inner Galaxy are naturally themselves more dense (Fall & Rees 1985) , and likely to have deeper local potential wells and be able to self-enrich longer. Thus a trend that the halo stars with evidence for enrichment by Type la supernova be on orbits of low perigalacticon (but not necessarily high apogalacticon) may be understood, without any need to appeal to 'accretion'. Further, Stephens (1999) has analyzed a sample of halo stars selected to be on extreme orbits, and interprets the elemental abundance patterns as being no different from those of the rest of the halo. However, there is clearly a need for a large, uniformly-analyzed sample over the entire range of kinematics and metallicity of the stellar halo.
A further point evident from Fig. 2 is that the typical elemental abundances of disk and halo stars of the same iron abundance are different, supporting a disk/halo discontinuity in chemical enrichment, and consistent with the different specific angular momentum content of disk and halo (Wyse k, Gilmore 1992 ) -the local halo did not pre-enrich the local disk. These metal-rich halo stars are a small fraction of the locally-defined stellar halo. However, it must be noted that the global metallicity distribution of the stellar halo is poorly defined (in particular for the inner halo), as are the wings of the metallicity distribution function for more locally-defined samples.
Moving groups
Moving groups of stars in the halo have been searched for by many groups, with limited success in that the kinematic signatures are usually of low statistical weight (Arnold &; , Majewski, Munn & Hawley 1996 , Helmi, White, de Zeeuw & Zhao 1999 . A complication in the interpretation of moving groups is that all substructure in the Galaxy is subjected to tidal effects. For example, the present system of globular clusters may well be a mere shadow of the initial retinue (Gnedin &; Ostriker 1997 ) and one expects, e.g., tidal arms and streamers from the surviving globular clusters (see Grillmair, Freeman, Irwin & Quinn 1995 , Meylan 2000 .
The unique substructure that has been found by virtue of its location in position -radial velocity phase space is the Sagittarius dwarf spheroidal galaxy (Ibata, Gilmore Sz Irwin 1994) . This satellite companion to the Milky Way was noticed by its discoverers, in the course of their survey of stars in the bulge of the Milky Way, as a distinct set of stars with 'anomalous' kinematics to be actually members of the bulge (see Fig. 4 here). The stars with these very well-defined, but anomalous, kinematics were localized in a subset of their lines-of-sight, and could be identified with a feature (the red clump of helium-burning stars) in the color-magnitude diagram for all stars in those fields. Thus photometry played a crucial role in the identification of a distinct population. The center of the Sagittarius dwarf is located some 24 kpc from the Sun, on the other side of the Galactic center. The preliminary proper motion and orbit derived by Ibata et al. (1997) for this dwarf galaxy imply that it has a radial period of less than 1 Gyr, and a perigalacticon of only ~ 12 kpc. Without a significant amount of dark matter to bind it, the Sagittarius dSph would be unable to survive more than a couple of such close perigalactic passages White 1995) , but its dominant stellar population has an age of ~ 10 Gyr. Either the orbital parameters have been recently changed (Zhao 1998) , or the dwarf is more robust than it looks (Ibata et al. 1997) .
The more diffuse outer regions of the Sagittarius dSph are more suspectable to tidal stripping, and intriguing observations of stars with kinematics such that they plausibly could have been removed from the dwarf galaxy on a previous perigalactic passage have been reported by Majewski et al. (1999) , and analyzed in . Further, this interpretation is consistent with the photometric detection (Mateo, Olszewski & Morrison 1998 ) of candidate member stars some 30° from the center of the Sagittarius dwarf.
Indeed, the distinct intermediate-age populations of typical dwarf galaxies point to an obvious strategy for searching for candidate tidal streams through photometry alone -a sky-survey for carbon stars. Follow-up kinematics will be required for definitive identification, but surveys such as the Sloan Digital Sky Survey will provide the crucial photometry for many projects in Galactic structure.
2.1.3. Faint stellar luminosity function and IMF As discussed briefly above, the elemental abundances for the bulk of the stellar halo and the disk suggest that the massive star IMF was, and is, invariant. Low-mass stars, those with main-sequence lifetimes that are of order the age of the Universe, provide more direct constraints on the IMF when they formed. Star counts in systems with simple star-formation histories are particularly straightforward to interpret, and those in 'old' systems allow one to determine the low-mass stellar IMF at large look-back times and thus at high redshift. The dwarf spheroidal satellite galaxies of the Milky Way are now accessible for this experiment using the Hubble Space Telescope. These galaxies are particularly interesting since their internal kinematics suggest that they are among the most dark-matter-dominated systems known (reviewed by Mateo 1998) , and this dark matter must be cold to form structures on such small scales (Tremaine & Gunn 1978 , Gerhard & Spergel 1992 , but at least the gas-rich dwarfs for which rotation curves can be measured do not fit the predictions of non-baryonic CDM (Moore 1984) . Could the dark matter be cold since it is baryonic and radiated away binding energy? Might the dark matter then be associated with faint stars?
The Ursa Minor dwarf spheroidal galaxy (dSph) is suitable for a faint stellar luminosity function study, being relatively nearby (distance ~ 70 kpc), and, unusually for a dwarf spheroidal galaxy, having a stellar population with narrow distributions of age and of metallicity (Hernandez, Gilmore & Valls-Gabaud 1999) , remarkably similar to that of a classical halo globular cluster such as M 92 or M 15, i.e., old and metal-poor ([Fe/H] « -2.2 dex). The integrated luminosity of the Ursa Minor dSph (Ly ~ 3 x 10 5 L®) is also similar to that of a globular cluster. However, the central surface brightness of the Ursa Minor dSph is only 25.5 V mag/sq arcsec, corresponding to a central luminosity density of 0.006 L@ pc -3 , many orders of magnitude lower than that of a typical globular cluster. Further, again in contrast to globular clusters, its internal dynamics are dominated by dark matter, with (M/L)v ~ 80, based on the relatively high value of its internal stellar velocity dispersion (Hargreaves et al. 1994 , see review of Mateo 1998).
We obtained deep imaging data with the Hubble Space Telescope, using WFPC2 (V-606 & 1-814), STIS (LP optical filter) and NICMOS (H passband), in a field close to the center of the Ursa Minor dSph. As shown in Fig. 3 (from Feltzing, Gilmore & Wyse 1999) , the faint optical stellar luminosity function of the Ursa Minor dSph is also remarkably similar to that of M 92, down to our limiting apparent magnitude with WFPC2 data, which corresponds to around four-tenths of a solar mass. The M92 data (Piotto, Cool &: King 1997) should be a reliable estimate of the global initial luminosity (and mass) function in this cluster, being obtained at intermediate radius within the globular cluster, minimizing internal dynamical effects, and the cluster itself is on an orbit that minimizes external tidal effects. The similarity of age and metallicity between these two systems means that the comparison of the main-sequence faint luminosity functions is effectively a comparison of stellar initial mass functions. And as can be seen in the figure, these two luminosity functions are remarkably similar, down to our completeness limit corresponding to around 0.4 M@. Thus two systems that differ in mass to light ratio by a factor of roughly 50, and in stellar surface density by orders of magnitude, formed stars with the same initial mass function. A consistent result, but for a significantly less-deep luminosity function reaching to 0.6M©, was obtained for the Draco dSph by Grillmair et al. (1998) .
The apparent insensitivity of the stellar IMF to any parameter that physical intuition tells one should be important is remarkable (see papers in Gilmore Howell 1998). However, it allows a reliable simplifying assumption -an invariant IMF -to be made when modeling the evolution of galaxies.
The identity of the dark matter in dSph galaxies remains a puzzle; we have obtained deeper data and should be able to push the stellar luminosity function somewhat fainter. However, low-mass stars do not look as though they are likely candidates.
The central bulge
Let us adopt the working definition of the bulge as the component constituting the amorphous stellar light in the central regions of the Milky Way. Although one might imagine that the Milky Way bulge can be studied in significantly more detail than is possible in other galaxies, our location in the disk restricts our view such that this is true only several kiloparsecs from the Galactic center.
Spatial distribution
There are many analyses of the surface brightness structure of the bulge, which range from straightforward counts of late-type stars perpendicular to the plane along the minor axis (cf. Frogel 1988 for references) through extensive two-dimensional analyses (Kent et al. 1991) , to detailed inversions of photometric maps (Blitz & Spergel 1991 , Binney et al. 1997 . In all such cases, extreme reddening near the plane precludes reliable use of low spatial resolution data with \b\ < 2, irrespective of the techniques used. The zero order properties of the photometric structure of the bulge are fairly consistently derived in all such studies and determine a value of ~350 pc for the minor axis exponential scale height, as well as significant flattening, with minor:major axis ratio of ~0.5. Together with a disk scale length of around 3 kpc, this result places the Milky Way galaxy within the scatter of late-type disk galaxies on the correlation between disk and bulge scale lengths of Courteau et al. (1996) .
Considerable efforts have been expended in the last decade to determine the three-dimensional structure of the Galactic bulge, most recently based on the photometric COBE/DIRBE data (Weiland et al. 1994) . The best available description of the stellar bulge based on de-projection of these data, combined with a dust map, provides axis ratios of x : y : z ~ 1.0 : 0.6 : 0.4 (Binney et al. 1997 ). There is little evidence for a bar-like potential in the stellar kinematics of the bulge. The Milky Way bulge, similarly to those of external disk galaxies, has kinematics consistent with those of an isotropic oblate rotator (see Ibata & Gilmore 1995 .
Chemical abundances
The K-giants in the Milky Way bulge have a very broad metallicity distribution, both in Baade's window (at a projected galactocentric distance of around 500 pc; Rich 1988 , Sadler et al. 1996 and at projected distances of several kpc (Ibata & Gilmore 1995) . Thus the Milky Way bulge does not have a 'G-dwarf problem'. However, one hastens to add that the fact the bulge has a broad distribution, and indeed fits the predictions of the 'simple model' of chemical evolution does not mean that any or all of the many assumptions of the simple model are valid; another example of a stellar system with a metallicity distribution that is well-fit by the simple model (albeit with a reduced yield) is the stellar halo of the Milky Way.
Element abundances have been measured from high-resolution spectroscopy for only a handful of bulge stars. We really do need more data for field stars in the bulge; for the extant small sample, different a-elements show different patterns (McWilliam & Rich 1994) , unexplained within the context of Type II supernovae yields.
Age distribution
An old age for the bulge in Baade's Window has been inferred from ground-based and HST-based color-magnitude diagrams (Ortolani et al. 1995) , and more globally, using the different spatial distributions of the bulge and thin disk to separate out the foreground disk in HST color-magnitude diagrams down various lines-of-sight towards the Galactic Center (Feltzing & Gilmore 2000) . In principle, elemental abundances provide limits on the age spread (see Renzini 2000) .
Connection to merging?
Hierarchical-clustering models for galaxy formation and evolution link bulges with the merging process. However, the stellar populations of the resolved bulges in the Local Group are not compatible with their formation via accretion and assimilation of satellites and or globulars like those remaining today -the bulges are too metalrich, and have too narrow an age distribution. Perhaps some part of the metal-poor tail in the Milky Way bulge could be due to accretion of the dense, metal-poor and old globular clusters. Note that for satellite systems with a realistic density profile, a significant fraction of the stars will be tidally removed far out in the halo, and only a fraction will make it into the center (Syer & White 1998) . Kuijken (2000) notes that the timescale of satellite accretion is rather long, so that any bulge-building by this means should be on-going. This raises a further difficulty, in that the old, metal-rich bulge stars are unlike those in typical satellites. A graphic illustration of the difference in stellar populations between the bulge of the Milky Way and tlii* Sagittarius dwarf, one of the more massive satellite galaxies of the Milky Way, is shown in Fig. 4 .
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• . Ibata, Gilmore & Irwin (1994) in lines-of-sight towards the Galactic central bulge. There are two kinematic components seen -the broad distribution centered around -30 km/s, plus the narrow distribution centered around 150 km/s. This latter component consists of members of the Sagittarius dwarf spheroidal galaxy, which was discovered from these data. The reddest stars in the sample belong exclusively to this dwarf galaxy, illustrating a real difference in stellar populations between the bulge and this satellite galaxy. The central bulge cannot have formed by simple merging of satellite galaxies like the Sagittarius dwarf.
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The thick disk
This stellar component was first detected in the Milky Way Galaxy through star counts (Gilmore & Reid 1983) , although surface photometry of external SO galaxies had earlier revealed 'thick disks' in them (Burstein 1979 , Tsikoudi 1979 . Perhaps the most recent study of the structure of the thick disk through star counts is that of Phleps et al. (1999) , who utilized the R passband data in the NGP of the Calar Alto (faint galaxy) survey; they detect the thick disk and derive parameter values that are reasonably consistent with earlier results, in that the scale-height of the thick disk is around 1 kpc, and the local (solar neighborhood) normalization by number is several percent.
Connection to other Galactic components
At the time of its discovery, it was postulated that the thick disk was formed by local compression of the stellar halo by the potential of the thin disk (Gilmore & Reid 1983) . This was soon disproved (Gilmore & Wyse 1985) by the determination of distinct metallicity distributions of thick disk and stellar halo (see Fig. 5 here; the early work on the thick disk metallicity distribution was based on broadband photometric indicators, confirmed by the later spectroscopic studies illustrated in the figure) .
But is the thick disk simply the extreme thin disk, meaning they have a common origin? An increase in scale-height and velocity dispersion with stellar age within the thin disk is well-established (Wielen 1977, Lacey 1991). However, the thick disk is discontinuous in its kinematics from the thin disk (Wyse Sz Gilmore 1986 , Gilmore, Wyse & Kuijken 1989 , Edvardsson et al. 1993 . Further, the value of the vertical velocity dispersion of the thick disk, some 40 -45 km/s (see the review of Majewski 1993 and references therein) is too high to be explained by the known heating mechanisms for the stars in the thin disk, namely interactions with local gravitational perturbations in the disk, such as Giant Molecular Clouds (Spitzer iz Schwartzschild 1957) . More exotic phenomena, such as close encounters with massive black holes in the dark halo, can provide the required high amplitude of random motions for a small fraction of the thin-disk stars (Ostriker & Lacey 1985 , see also Sanchez-Salcedo 1999 , but then the thick disk should be a random sample of the thin disk and have very similar stellar population. Again, the different metallicity distributions of thick disk and thin disk argue against this -the metallicity distribution of the thick disk peaks at [Fe/H]~ -0.6 dex and is rather broad (Gilmore & Wyse 1985 , Carney, Latham & Laird 1989 , Bonifacio et al. 1999 , while that of the thin disk peaks around -0.2 dex (Wyse & Gilmore 1995, see Fig. 5 above) . Further, the thick disk is apparently composed of only old stars, ages older than ~ 12 Gyr (Gilmore & Wyse 1985 , Gilmore, Wyse & Kuijken 1989 , Carney, Latham & Laird 1989 , Edvardsson et al. 1993 , Gilmore, Wyse & Jones 1995 , Fuhrmann 1998 ). The age distribution older than this is not well-defined with present data, but a younger component must be only minor. This last point is illustrated (Carney et al. 1994 , their kinematically-selected sample); the outer bulge K-giants (Ibata Gilmore 1995) , truncated at solar metallicity due to calibration limitations; the volume-complete local thin disk F/G stars (derived from the combination of the Gliese catalogue and in situ survey); the volume-complete local thick disk F/G stars (derived similarly); and lastly the 'solar cylinder', i.e., F/G stars integrated vertically from the disk plane to infinity. This figure is based on Fig. 16 of .
in Fig. 6 and argues strongly against an extended period of thick disk formation and in favor of a restricted event, long ago. VandenBerg & Bell (1985) and from VandenBerg (1985, asterisks) . The vast majority of thick disk stars lie to the red of the 12 Gyr turnoff points, indicating that few, if any, stars in this population are younger than this age. This figure is based on Fig. 6 of Gilmore, Wyse & Jones (1995) .
Heating or cooling?
Two possibilities remain, one that the thick disk formed as part of the (dissipational) settling of the proto-thin disk; the second that the thick disk formed during a traumatic heating event early in the evolution of the thin disk. In the former (cooling) scenario the scale height of the stellar disk decreases with time and is set by a balance between cooling (and star formation) and gravity; the discontinuity between thick and thin disks could reflect the change in the cooling law as metallicity increases above ~-l dex and line radiation from metals becomes dominant (Gilmore & Wyse 1985 , Burkert, Truran & Hensler 1993 , Burkert & Yoshii 1996 . One might then expect all (moderately metal-rich) disk galaxies to have a thick disk. Photo-metric surveys for thick disks in external galaxies require very careful observations and data reduction and are presently restricted to rather small numbers of galaxies. However, it is clear that not all disk galaxies have a thick disk like that of the Milky Way (Shaw & Gilmore 1990 , Fry et al. 1999 .
The latter (heating) scenario draws some support from the fact that interactions between the Milky Way and its satellites are ongoing. The vertical velocity dispersion of the thick disk can be provided for if a significant part of the orbital energy of a moderate-mass satellite galaxy is transformed into additional internal energy of the stellar thin disk (Gilmore & Wyse 1985 , Ostriker 1990 , Majewski 1993 . The effect of the accretion of a companion galaxy on the disk depends on many parameters such as those of the satellite's orbit (initial inclination to the disk plane, peri center and apocenter distances, sense of angular momentum) and the satellite's density profile and total mass. Simulations of the merging process between a stellar disk and satellite have become increasingly sophisticated in recent years, including more physics such as allowing the excitation of the internal degrees of freedom of the dark halo, which lessens the heating effect on the disk (Huang & Carlberg 1997 , Walker, Mihos & Hernquist 1996 , Velazquez & White 1999 . The extant simulations suggest that the accretion by the present-day stellar disk of a stellar satellite with mass some 20% of that of the disk can produce a thick disk similar to that observed in the Milky Way. However, gas has yet to be included in the simulations investigating disk heating, which is an important shortcoming, since gas if present (which is likely), would absorb and subsequently radiate away some of the orbital energy, again lessening the impact of the merger. Further, the initial conditions of the published simulations assume a fullyassembled stellar disk, and especially given the results above on the old age of the Galactic thick disk we need simulations that better model conditions at an early stage of disk galaxy evolution.
2-4• The thin disk
The most influential recent investigation into the properties of the local thin disk is due to Edvardsson et al. (1993) . This combined Stromgren photometry, providing ages and luminosities, with spectroscopic elemental abundances and with space motions (proper motions and radial velocities) for a sample of local F dwarf stars, selected to cover the full range of disk metallicities fairly uniformly.
Thus the sample is not without selection biases, as discussed by Edvardsson et al. and in particular cannot be used to derive metallicity distributions and is biased against metal-rich, old stars. That said, this sample has demonstrated unequivocally that there exist old, reasonably metal-rich stars in the local disk, as illustrated in Fig. 7 here. Indeed, this analysis placed on a firm footing the slow overall increase in mean metallicity and large scatter hinted at by earlier samples. Some part of the scatter has been attributed to the combination of a radial metallicity gradient in the gas from which the stars form, with orbital diffusion (Wielen, Fuchs & Dettbarn 1996) but it is likely that chemical enrichment is truly inhomogeneous at some level.
The inhomogeneous chemical evolution suggested by the Edvardsson et al. analysis has further support in the elemental abundances measured for stars in the Orion Association; these have established an equivalence between the gas-phase abundance scale and the stellar scale, finding sub-solar metallicity for the stars equal to that of the Orion Nebula Lambert 1994 , Cunha, Smith & Lambert 1998 . The Sun is indeed anomalously metal-rich for its age. The Orion Association itself appears to show intrinsic scatter in oxygen abundance, perhaps reflecting incomplete mixing of supernova ejecta on small scales (Cunha & Lambert 1994) .
The overall iron abundance distribution of the local thin disk was derived by Wyse Sz Gilmore (1995) from a combination of Stromgren photometry for all local stars -a mix of thin disk and thick diskand their situ spectroscopic survey of the thin disk/thick disk interface. The narrow metallicity distribution of long-lived thin disk stars (see Fig. 5 above) contrasts with the broad distribution that is predicted by the 'Simple Closed-Box' model of chemical evolution, and it is this discrepancy between predictions and observations that is 'The G-Dwarf Problem' (see Pagel's recent monograph, 1997) . More realistic models that incorporate inflow and inhomogeneities can fit the observations, but one needs to place the evolution of the Milky Way Galaxy in a proper cosmological context, rather than just tune the infall to fit the observations (as often done).
The combination of age-metallicity relationship with metallicity distribution was used by Rocha-Pinto & Maciel (1997) to infer the local star formation history, resulting in a roughly constant starformation rate over a Hubble time. The photometric data for the (local) Hipparcos sample were analyzed by Hernandez, Gilmore ¡k Valls-Gabaud (2000b) , providing the star formation history over the last few Gyr and finding evidence for oscillations, perhaps due to spiral-arm passages.
As mentioned above in section 2.3.1, there is a well-established age-velocity dispersion relation within the thin disk, at least locally. A general increase from an initial low value of velocity dispersion reflecting the cold gas from which stars form is well-understood, but the details of the heating process are lacking (see Lacey 1991).
The inner disk of the Milky Way is remarkably under-studied, and again age and metallicity distributions -and stellar kinematics -are obviously crucial. The same statement can be made for the outer disk! The conclusion of Lewis & Freeman (1989) that there is essentially no metallicity gradient in old K-giants, from inner to outer disk, is important and needs to be confirmed/refuted. The recent results of gravitational microlensing experiments in lines-ofsight towards the Galactic Center have emphasized our ignorance of disk structure and the need to improve our understanding (Kiraga, Panczynski Sz Stanek 1997) .
CHALLENGES FOR THE FUTURE OF PHOTOMETRY
As should be obvious, there are many questions remaining that could be addressed through photometry with improved techniques.
3.1. Color-magnitude diagrams of Local Group galaxies and beyond
As briefly discussed above, color-magnitude diagrams extending faintward to well below the oldest main sequence turnoff are currently available for fields in the nearby satellite galaxies of the Milky Way. However, deep (HST) data are not yet available for a significant area in most of the satellite galaxies, including the Large Magellanic Cloud. Evolved stars in the field halo/bulge of M 31 have been studied from the ground and with HST, allowing limits to be placed on the metallicity spread from the width of the red giant branch (Rich 2000) . Data reaching several magnitudes below the red clump/horizontal branch are currently state-of-the-art (Ferguson, Wyse & Gallagher 2000) , but again in a very small number of fields, complicating the decomposition into different stellar components.
The coming generation of telescopes should provide deep colormagnitude diagrams for stars in systems throughout the Local Group and beyond, providing opportunities to study stellar populations in a variety of Hubble types. The challenge will be to interpret these data properly.
Globular clusters
Globular clusters contain rather simple populations and have the simplest color-magnitude diagrams. I will briefly discuss some recent projects that stimulate further research. At present we do not have a good working model for the formation of globular clusters, although most theories assume that they are pre-enriched rather than selfenriched, motivated by the observed small spread in metallicity and age in the typical clusters. However, metallicity spreads have been detected, in particular within Omega Centauri, the most luminous (and massive) of the retinue of Galactic globular clusters . Is this evidence of self-enrichment, or of something more exotic, like a merger of two clusters? Hughes & Wallerstein (2000) have addressed this question by obtaining Stromgren photometry of turnoff stars in Omega Centauri, to search for a correlation between metallicity and age. Their data are suggestive of such a correlation, but this is a pioneering study.
Young globular clusters are found in the Large Magellanic Clouds -why? Less ambitiously, what is the spread of ages within one of these? An ongoing HST study has obtained deep colormagnitude diagrams, should provide some answers, but the analysis is complicated by the presence of Be stars, only a few of which are catalogued (see Johnson et al. 2000) .
Are the oldest globular clusters in all galaxies the same age? Recent deep HST photometry for old globulars in the LMC has revised earlier opinions to conclude that indeed they are as old as those in the Milky Way (Olsen et al. 1998) . Was the onset of star formation throughout the Local Group somehow synchronized (cf. da Costa 1999)? RR Lyrae stars are detected in many of the satellite galaxies in the Local Group (cf. Mateo 1998), and searches are far from complete. However, analysis of the deep HST color-magnitude diagrams of the dwarf spheroidals Leo II and Carina (which do contain RR Lyrae stars) do not show a significant population of 'old' stars (Hernandez, Gilmore & Valls-Gabaud 2000a) . Is this real?
Ages of field stars
Current application of Stromgren photometry has produced intriguing results, such as the suggestion that the 'far' halo (locallyobserved stars on orbits inferred to reach heights above the plane of greater than ~ 4 kpc) is younger than the 'near' halo (Carney et al. 1996 , ages from Nissen & Schuster 1991) . These data also suggest a real scatter in age, at the level of a few Gyr at a given metallicity.
Was there a hiatus between the onset of star formation in the halo and in the (local) disk? The ages derived from Stromgren photometry (Edvardsson et al. 1993 ) suggest there was not in the local disk, but what about globally? How did the disk evolve?
What is the age of the oldest open cluster in the disk? (and why has it survived so long?) Phelps (1997) concludes that Berkeley 17 has an age of 12^ Gyr, but the color-magnitude data are rather noisy and their interpretation is very reddening-dependent.
CONCLUDING REMARKS
I hope that I have convinced the students that much exciting science has been, and will be, carried out using photometric techniques. For example, for samples of resolved stars one wishes to "s? Break the age-metallicity degeneracy of broad-band colors, 9 Quantify reddening, Identify binary stars -and planets, Measure elemental abundances -using the Ca II triplet? ' s? Identify 'peculiar' stars such as Be stars,
•s? Detect and analyze microlensing events, etc.
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